The prawn fishery produces more discards than any other type of catch and captures a large quantity of immature individuals. This research aimed to assess the sustainability of capture of fish bycatch in prawn trawling. Each species was assessed according to two groups of criteria: (1) their relative vulnerability to capture by trawl and mortality due to this fishery (2) recovery capacity of the specie after a possible collapse of the population. Within each group, each species was ranked (1-3), being 1 the highest value, meaning the species is highly susceptible to capture or has a low resilience. A total of 8,894 individuals were caught, belonging to 28 families. The species with capture least sustainable were Stellifer rastrifer and Isopisthus parvipinnis. These latter species are highly susceptible since they are either benthic or demersal, and their diet may include benthic organism. Chirocentrodon bleekerianus and Anchoa tricolor were the most likely fishes to be sustainable since they are pelagic, they are least susceptible to capture by trawls, and also have a greater capacity to recover, as most individuals have bred before capture. Due to the fishery's multi-specific nature, it is difficult to implement mitigation measures for specific species. Thus, the creation of fishing exclusion zones should be considered as the most appropriate management measure.
Introduction
Due to the technological advances and the increase in the number of fishing fleets, fish stocks are undergoing intense pressure and, consequently, overexploitation (Isaac et al., 2006) . Prawn trawling has become quite prominent in recent years -it is practiced along almost the entire Brazilian coast and promotes economic and social development in the regions where it is carried out (Branco, 2005) . However, this kind of fishery is extremely heterogeneous as a result of the low selectivity of the fishing gear used (Klippel et al., 2005) .
As a result of the use of trawls, prawn fishing is a major threat to marine environments. Among the main consequences of this fishery are direct and indirect impacts on ecosystems and biodiversity (Kinieb, 1991) , physical alterations in the seabed (e.g., due to the removal of rocks and corals and the flattening of the bottom's natural topography) (Pilskaln et al., 1998) and changes in chemical cycles, carbon mineralization patterns and biogeochemical flows (Riemann & Hoffman, 1991) .
The prawn fishery produces more discards than any other type of catch, and it is the source of more than one-third of the world's total bycatch (Alverson et al., 1994) . The total amount of discards is approximately five times the production of prawn, and it is one of the major problems related to the use of marine resources (Clucas, 1997) . Another important characteristic of this activity is the capture of immature individuals (Branco, 1999; Branco & Verani, 2006) . A significant part of the fauna caught in trawl fisheries is returned to the sea either because it has no economic importance or they are small (even if they are target species). Large quantities of individuals are returned to the sea dead and for this reason are called discard or reject (Branco, 1999) . Bycatch is the portion of the catch that is returned to the sea for economic, legal or personal decisions along with the nontarget species captured from fishing (McCaughran, 1992) .
Although fish constitutes the main component of incidental capture, many species are often captured but they are not quantified in the fishing statistics (Coelho et al., 1986) . The bycatch composition consists mainly by juvenile individuals which represent a considerable loss for future food biomass and can potentially affect the sustainability of fish stocks (Tischer & Santos, 2001) .
Little is known about the life cycle of the bycatch species. Furthermore, many individuals are often caught before reaching the size of first sexual maturity (Pina & Chaves, 2009 ). Research on prawn fishery bycatch has been limited to recording and quantifying species (Vianna & Almeida, 2005) . Only two studies have been focused on the sustainability of the bycatch (Stobutzki et al., 2001; Feitosa et al., 2008) , but only Stobutzki et al. (2001) evaluated the impacts of a prawn fishery.
A population can vary in size length throughout time and is directly connected to fertility stages and to the environment, the latter which can make species undergo changes from one year to another (Nikolskii, 1969) . Such information makes it possible to conduct studies to determine the equilibrium of a given population.
In this context, the aim of this research was to assess the bycatch fish species' resilience and susceptibility to trawls and verify their susceptibility and resilience as bycatch within a prawn fishery in northeastern Brazil.
Material and Methods
Study Area. São Cristóvão Beach, the study area, is located in the Rio Grande do Norte State (4º55'29.83"S 36º57'2.91"W), northeastern Brazil. This beach is located in a shallow bay (Fig.1 ) and the bottom is sandy/muddy. This region is characterized by a semi-arid climate with prevailing hot/dry (June to January) and rainy seasons (February to May); the average annual precipitation is less than 750 mm (Idema, 2002 (Idema, , 2003 . The tide follows a semidiurnal pattern that displays a daily disparity; the average sea level is of 133.1 cm and the quadrature and spring tidal range is of 127.79 cm and 284.55 cm, respectively (Garcia Júnior, 2006) . Northeast-east winds stand out in this region, with higher speeds in the summer; a maximum of 8.5 m/s is reached in October and a minimum of 0.7 m/s during the winter month of April (Idema, 2003) .
Sampling. Sampling was carried out monthly from February 2010 through January 2011, during spring tide, in shallow areas (6m), parallel to the shoreline and in direction of the current for 30 minutes. A 15 m long and 8.60 m wide bottom trawl, with a 4 cm opening, was pulled by a prawn boat with a 46-HP 6-cylinder engine at a speed of 2.5 knots. Fish collected were kept in a Styrofoam box and then brought to the laboratory, where they were stored in a freezer and later identified, weighed and measured (total length). The samples are deposited at the Biologia e Dinâmica Populacional de Peixes Marinhos Laboratory Collection under the numbers 1-50.
Data Analysis. Fish species were analyzed according to biological and ecological characteristics (Figueiredo & Menezes, 1978 , 2000 , 1985 Carvalho Filho, 1999; Froese & Pauly, 2011) . Only those species with abundances greater than 0.5% of the total number of fishes were analyzed. The method proposed by Stobutzki et al. (2001) and adapted by Feitosa et al. (2008) was modified and used to assess the sustainability of fish bycatch in a prawn fishery.
Two sustainability criteria were used: (1) vulnerability to capture and mortality by trawling, and (2) the species' resilience after potential population collapse. Values ranging from 1 to 3 were assigned for each sustainability index, where one means the species is highly susceptible to capture and/ or has a low capacity to recovery (Table 1) . The values obtained for each group of criteria were plotted on a graph that indicated the species which capture was more or less sustainable. When specific information about a certain species was not available, the same value given to the other species of the family or genus was attributed. If the information for species or genus of this family was not available, the value 1 was assigned as a precautionary approach (Stobutzki et al., 2001) .
The day/night catchability proposed by Stobutzki et al. (2001) was not considered in this study due to the scarcity of the target species (prawns). As a result, nowadays the prawn fishery occurs for 24 hours (Tomáz et al., 2003) .
It was observed that the species analyzed in this research showed a preference for the same type of habitat. Thus, this criterion did not directly interfere in the analysis. A similar situation was observed for the depth criterion. Since trawling was always conducted in depths < 40 m, this did not influence species' capture and was therefore removed from the analysis. As all captured taxa were dioecious, therefore hermaphroditism did not interfere directly in the analysis of species recoverability and was therefore ignored.
The criteria used to analyze species' susceptibility to capture and to mortality associated with trawling were applied as follows: a) Water-column position: as the prawn trawls are usually operated near the bottom, benthic and demersal species are more likely to be captured than pelagic ones (Stobutzki et al., 2001) . b) Survival: this criterion was described in a study by Wassenberg & Hill (1989) and Hill & Wassenberg (1990) on the survival of bycatch caught in trawls. After being trawled, individuals were observed and the researchers recorded whether they were alive or dead. Survival was divided into three categories, based on species frequency: survival probability < 33.3%; 33.3 < survival probability < 66.6%; and survival probability > 66.6%. c) Diet: this criterion is related to the occurrence of species' main food items in the areas where trawling occurs. Species that feed on benthic and/or demersal organisms have a greater susceptibility to trawling than those that feed on pelagic organisms.
Five criteria were analyzed to evaluate population resilience: 1) maturity, 2) maximum size, 3) relationship between yield and fishing effort (catch per unit effort -CPUE), 4) reproductive strategy and 5) mortality. Maturity is related to the probability that most individuals be captured after reaching the size of first maturity established for certain species (Stobutzki et al., 2001) . If the fishery has been capturing individuals larger than the size of first maturity, respective populations will have a greater possibility to recover in case of decline (Robert & Hawkins, 1999) . Maximum size was used as a relative indicator of its resilience. Large sized species tend to live longer, grow slowly and mature late; thus, their populations recover at a slower pace than those that grow to smaller sizes (Robert & Hawkins, 1999) . Relationship between yield and fishing effort: the catch per unit effort (CPUE) is usually not proportional to the abundance of the resource or species (Jennings et al., 2001) . However, if a certain species has little ability to recover and is removed from the environment in large quantities, it can be susceptible to becoming at risk of extinction (Fonteles-Filho, 1989) . In this study all valor analyzed were distributed in three ranges to facilitate the classification between the weights (1, 2 and 3) used herein (Table 1 ). The unit used for this criterion was individuals/hours of trawling. Reproductive strategy: species able to disperse for long distances are less vulnerable to a possible risk of extinction (Robert & Hawkins, 1999) . Thus, the resilience of r-strategist species is greater than that of k-strategist species. Mortality refers to the resilience of a given population directly related to the mortality index (Sparre & Venema, 1997) . Mortality was calculated using the following formula: Mortality index = (Lmax -Lmed)/(Lmed -Lmin), where: Lmax -maximum length reported in the literature; Lmed -average total length of individuals captured; Lmin -minimum length of individuals observed in the sample. Considering the minimum and maximum values found for the 17 species analyzed, three mortality index classes were determined; this corresponds to the 1-3 weights, as indicated in Table 1 .
In order to calculate the rates of susceptibility or total removal, Table 1 . Criteria used to assess susceptibility of bycatch species to capture and mortality due the trawling. For each criterion, the weighting score and definition was established on the tree ranks. (Stobutzki et al., 2001) : where, Si refers to the ranking of total susceptibility or recovery of species I, wj = weight of criterion j, and Ri = weight of species I for criterion j, and n = total number of criteria for each axis.
Statistical analysis. The data were log-transformed (ln(TL)) and the Liliefors test was used to evaluate data normality (BioStat 5.0 software -Instituto de Desenvolvimento Sustentável Mamirauá). Parametric tests and multivariate analysis were also used. The Z test (BioStat 5.0 software) was applied to check the probability of fish being caught before or after reaching the size at first maturity, while the factorial correspondence analysis (FCA) (Multivariate Statistical Package -MVSP 3.1 software) was used to determine and describe the correlation between species and each criterion evaluated. The significance level applied was 0.05.
Results
A total of 8,894 individuals were caught as bycatch, which belonged to 58 species, 48 genera, and 28 families (Table 2 ). This study shows that prawn trawling is not selective, as most of the individuals caught were imature. They belong to the following families: Sciaenidae (5 spp), Haemulidae (2 spp), Pristigasteridae (2 spp), Ariidae (2 spp), Engraulidade (3 spp), Carangidae (2 spp) and Polynemidae (1 spp). Pomadasys corvinaeformis (Steindachner, 1868), Cathrops spixii (Agassiz, 1829), Stellifer rastrifer (Jordan, 1889) and Pellona harroweri (Fowler, 1917) represented more than 50% of the individuals captured. All species identified as frequent were abundant in catches, with the exception of Isopisthus parvipinnis (Cuvier, 1830) and Anchoa tricolor (Spix and Agassiz, 1829), which were present in less than half of the sampling months (Table 2) .
The information provided by the susceptibility criterion was specific to each species. The values obtained for this criterion ranged from 1.0 to 1.7. Polydactylus virginicus (Linnaeus, 1758) and Chirocentrodon bleekerianus (Poey, 1867) showed the lowest and highest values for susceptibility, respectively. Thus, it can be stated that P. virginicus, followed by Menticirrhus americanus (Linnaeus, 1758), P. corvinaeformis, S. rastrifer and I. parvipinnis showed great susceptibility to the fishing gear used, while C. bleekerianus, Larimus breviceps Cuvier, 1830, Conodon nobilis (Linnaeus, 1758), Anchoa spinifer (Valenciennes, 1848), Cetengraulis edentulus (Cuvier, 1829) and A. tricolor were the least susceptible to the trawl (Fig. 2) . Bagre marinus (Mitchill, 1815) and A. tricolor had the highest (Z = 17.9) and lowest (Z = 0.7) values for the mortality index, respectively (Table 3) .
Concerning the ability to recover, S. rastrifer and I.
parvipinnis had the lowest values, although A. tricolor, C. bleekerianus, P. harroweri, Stellifer stellifer (Bloch, 1790) , and Selene vomer (Linnaeus, 1758) presented the greatest resilience (Fig. 2) . The mean and minimum lengths recorded for S. rastrifer and I. parvipinnis were below their size at first maturity. The probability that individuals of these species be caught before having bred for the first time is of 38.5% and 45.6% for S. rastrifer and I. parvipinnis, respectively. The opposite was observed for C. spixii, S. stellifer and C. bleekerianus, with probabilities of 85.1%, 98.8% and 94.4%, respectively (Table 3) . Based on all these information's, it can be said that the species with capture most likely to be sustainable are C. bleekerianus and A. tricolor, while S. rastrifer and I. parvipinnis are the least likely. The correspondence analysis for resilience and susceptibility showed that P. harroweri, C. bleekerianus, A. tricolor, S. stellifer and C. spixii were associated with the maturity criterion. In relation to survival, this criterion had a positive influence on C. spixii and B. marinus (Fig.3) . Diet and position in the water column were essential to the low susceptibility of C. edentulus and A. spinifer to the fishing gear. Negative relationships were observed for C. spixii and B. marinus with diet and position in the water column criterion; C. edentulus, P. harroweri, C. bleekerianus, A. tricolor and A. spinifer with the survival criterion; B. marinus, P. corvinaeformis, and M. americanus with maturity (Fig.3) . The cumulative percentage of variation for the two axes was of 89.39%.
Discussion
The methodology used in this study was applied to classify bycatch fish species according to potential risk of extinction as a result of the incidental capture. Such an analysis is influenced by fish length, the proportion of young and immature individuals, fish maximum length, size at first maturity, and mortality rate. All species analyzed were susceptible to trawling in different levels.
The results presented showed that benthopelagic and demersal or benthic species were more vulnerable to the prawn fishery's gear; it catches mainly species with this pattern of distribution in the water column because the trawling happens close to the substrate. Therefore, those fish that inhabit rocky or pelagic areas are not considered vulnerable to trawling (Jennings et al., 2001) . Benthic or demersal species suffer habitat damage due to the impacts caused by bottom trawls. Essential habitat loss for given species may cause population decline (and, in some cases, extinction) (McCaughran, 1992) .
Many bycatch species have no economic value and are discarded in the sea. Survival rate of these individuals is questionable because of the physiological effects that decompression causes when they are removed from great depths and brought rapidly to the surface (Nguyen, 2009) . Species with the highest resistance to this practice belong to families Ariidae, Sciaenidae, and Haemulidae. The survival rate surpasses 33.3% in these three families. In addition, the low depth of the study area (6 m) is a positive factor for their survival
because they do not undergo decompression problems. Bagre marinus, C. spixii, and P. corvinaeformis showed the highest correlation with survival. When individuals were dredged they reached the vessel still alive. However, despite their resistance to stress, B. marinus and C. spixii were most affected by trawling because their dependence to the substrate.
Regarding feeding habit, it was detected that the bycatch fishes feed mainly on benthic or demersal and benthopelagic organisms. They are thus more susceptible to dredging than pelagic species, as the preference for this kind of food directly influences their position in the water column (Wootton, 1989 ) Table 3 . Lengths of first capture and maturity, probabilities of caught below the length at maturity and breeding, mean and maximum length, and the mortality index of bycatch species at the São Cristóvão beach (RN). Legend: ** not found in the literature, size of sexual maturity. n -Number of individuals, L' -length at first capture, L(50) -length at first maturity, Prob. -probability, Z -mortality index. and, consequently, their susceptibility to the gear used.
The criteria diet was a positive aspect for I. parvipinnis, S. vomer, S. setapinnis, and C. edentulus since they feed on benthic crustacean, but also small fishes, or zooplankton for the latter species (Carvalho-Filho, 1999) . Conversely, S. stellifer and C. spixii was negatively related with this criterion, since their diet is composed mainly of polychaeta and crustacean (carcinofagous), but can feed on fishes, algae and mollusk (Menezes e Figueiredo, 1980; Le Bail et al., 2000) , which live in sandy-muddy bottoms. Overall, position in the water column, survival and diet were fundamental criteria in classifying the different species, such as P. harroweri, L. breviceps and B. marinus.
Variations can be related to the way the trawls are maneuvered -although they operate on the bottom, pelagic species can be caught during hauling. Thus, this study recorded pelagic species that were captured as bycatch : A. spinifer, A. tricolor, C. bleekerianus, C. edentulus, and P. harroweri. Additionally, an overlap between the depth that trawling takes place and species' spatial distribution in the water column may influence susceptibility to capture. If the habitat presents unfavorable conditions, some pelagic species will try to find areas with better living conditions (Woottom, 1989) . Since these are school-forming species, migration contributes to their vulnerability to the fishing gear (Jennings et al., 2001) .
Species with late maturation are highly vulnerable to a possible risk of extinction (Roberts & Hawkins, 1999; Jennings et al., 2001; Hutchings & Reynolds, 2004) . Due to the high capture rate of individuals that had spawned at least once, P. harroweri, C. bleekerianus, A. tricolor, S. stellifer, and C. spixii showed a positive relationship with maturity. Pomadasys corvinaeformis was negatively related to maturity, as most of the individuals captured were young. It was also verified that during the sampled period all of the abovementioned species -with the exception of P. corvinaeformis -had mean lengths greater than their size at maturity. In case of a population collapse this reproduction condition could improve the resilience process.
It is important to highlight that losses in life history parameters such as growth, fecundity and compensatory changes in survivorship help indicate the population's capacity to sustain (or not) a fishery. Issues like increases in the size at first maturity, decreases in the age at maturity and increases in fecundity correlated with increases in the size at maturity can be considered compensatory changes (Stearns & Crandall, 1984) .
Large-sized species can often be linked to factors related to vulnerability, such as late maturity and a high probability of being caught by trawls (Reynolds et al., 2005; Hutchings & Reynolds, 2004) . However, in this study maximum size did not have a strong influence on species' resilience because none of the species captured attain large sizes.
It is difficult for a fishery to attain equilibrium when the fishing effort was reduced in a short period after overexploitation (King, 2007) . The population can decrease if the natural mortality rate, combined with fishing mortality, reduces the stock's levels and this continues even when fishing stops (Woottom, 1989) . When the number of organisms caught is higher than the number produced, it can be said that the stock is being overfished (Fonteles-Filho, 1989 ). However Stellifer rastrifer Among the species sampling in the present research, only B. marinus and C. spixii display demersal spawning and parental care (Fávaro et al., 2005) . These reproductive strategies have a negative influence on populations' ability to recover, as egg development depends on oral incubation (Carvalho-Filho, 1999; Fávaro et al., 2005) . Besides, all individuals of B. marinus were captured before reaching the size at first maturity; this might have happened because of this species' present late maturity (Pinheiro et al., 2006) . The sum of these two parameters might have promoted this species' low resilience.
If a large number of individuals of reproductive age are fished, recruitment levels may fluctuate. In terms of recruitment, overfishing may occur when a stock is fished down to a level in which recruitment alone cannot replace the number of individuals lost (Jennings et al., 2001) . In this case, it becomes extremely necessary to maintain a number of mature adults in a level that assures the population's continuity (King, 2007) . Disequilibrium in recruitment may also result in an imbalance in age structure -it will increase the number of immature individuals in the fish stock, which will lead to a decrease in the size at sexual maturity (Fonteles-Filho, 1989) . When the catchability of a given species remains high, there is a great probability that the size of the stock will decrease and the species will become at risk. This includes schooling and aggregating species, which are highly vulnerable even when stock abundance remains low (King, 2007) .
When fishing mortality rates decrease after a collapse, it is expected that the population recover faster (Hutchings & Reynolds, 2004 ). An experiment conducted by Hutchings (2000) proved that populations which underwent a decrease in fishing mortality had their stock restored to 39% of the original size when compared to populations that remained constant or which mortality rate increased; in the last case only 29% of the original size was recovered. Thus, the mortality due to fishing might have to be reduced for a given population to recover.
Bagre marinus and A. tricolor had the highest and lowest mortality index values (17.9 and 0.7, respectively) among the species analyzed. High mortality rates are recorded when there is a considerable difference between the length of the fish caught and the maximum size according to the literature (Sparre & Venema, 1997) . Fishing generally imposes a mortality rate that is strongly size selective, which can result in some phenotypic changes (such as alterations in reproductive parameters) as fish respond to the new environmental conditions (King, 2007; Nelson & Soulé, 1987) . Normally, commercial trawling is performed in deeper areas, over 10 m (Somers, 1994) , and more distant from the coast. However, in São Cristóvão Beach trawling is practiced in shallow waters and very close to coast.
Prawn trawling is clearly anthropogenic. The incidental capture of non-target species has been conducted unsustainably, as most of the organisms are caught before reaching their size at first maturity. Such a removal of species from the ecosystem can cause biodiversity losses and the local extinction of some species. Non-target species that are caught incidentally by fishing gear can be classified as vulnerable. Even at very low abundances, these species will continue to be caught, because the fishing gear is not selective. As a result of the fishery's multi-specific nature, it is difficult to implement mitigation measures for specific species. In this case it is suggest the creation of fishing exclusion zones with the purpose of promoting species' natural recovery without the interference of mortality caused by fishing.
